lation of the receptors in hippocampal primary cultures.
In order to distinguish the exogenous receptors from with high single-channel conductance (Burnashev et al., 1992) , as opposed to the native R form, which is the endogenous GluR2 subunits in neurons, we inserted the 10 aa Myc epitope within the GluR2 N-terminal sequence form analyzed elsewhere in this study. All constructs formed functional homomeric AMPA receptor channels (MycGluR2). The placement of the epitope tag in the extracellular domain makes it available for Ab staining with typical characteristics for the GluR2(Q)-flop subunits ( Figure 1B ). We also found that there was no differunder living conditions, allowing selective detection of surface-expressed receptors.
ence in the surface expression of these receptors, both the Q and R form, in HEK-293 cells detected by selective surface immunostaining of living cells ( Figure 1B) . Next,
Deletion of the PDZ Binding Region of the GluR2
we tested the efficiency of heterooligomerization of C Terminus Does Not Interfere with the Assembly GluR2, MycGluR2, and MycGluR2⌬1-10 subunits with of Functional AMPA Receptors GluR1 subunits by cotransfection in HEK-293 cells. As The C-terminal mutants generated from the MycGluR2 shown in Figure 1C , approximately the same amount of subunit are shown in Figure 1A . These include a 10 aa GluR2, MycGluR2, or MycGluR2⌬1-10 was in complex truncation, termed MycGluR2⌬1-10, and a single residue with GluR1 subunits immunoprecipitated by anti-GluR1 substitution I883E, termed MycGluR2(ESVKE), which both Ab. We conclude that neither the N-terminal insertion result in complete loss of PDZ binding, as well as a single of the Myc tag nor the deletion of the PDZ binding region residue substitution S880A, termed MycGluR2(EAVKI), interferes with proper formation of GluR2-containing which results in a loss of ABP/GRIP binding while preserv-AMPA receptor complexes. ing the PICK1 interaction (see below). As a first step, we tested the effect of the Myc tag insertion and the C-terminal truncation on the formation of functional MycGluR2 Receptors Expressed by Sindbis Virus in Hippocampal Primary Cultures Are Targeted AMPA receptors. We determined the electrophysiologic properties of the channels assembled by either GluR2, to the Synaptic Surface In order to assess the trafficking of MycGluR2 AMPA MycGluR2, or MycGluR2⌬1-10 subunits in HEK-293 cells. For these experiments, we expressed the Q form receptors in neuronal cells, we infected cultured hippocampal neurons with Sindbis virus vectors expressing of GluR2 (R607Q), which forms homomeric channels (Figure 2A) . In by the Sindbis system are targeted to the synaptic surface, we next tested the expression of the MycGluR2 order to confirm that the MycGluR2 positive spine-like structures were glutamatergic dendritic spines, we com-C-terminal mutants. The cells were infected with normalized titer for all constructs, which resulted in infection pared the dendritic expression of MycGluR2 and endogenous GluR1. As shown in Figure 2B , MycGluR2 was efficiency of 5%-10% of neurons. In the first set of experiments, we examined the dendritic transport and surstrongly expressed both in dendritic shafts and in spinelike structures (Figure 2Ba ), while GluR1 was more face expression of MycGluR2⌬1-10 receptors that do not bind the PDZ proteins ABP, GRIP, and PICK1. As a strongly expressed in spines (Figure 2Bb ). In projections of the images, all MycGluR2 spine-like structures were control, we used the MycGluR2⌬5-10 construct, which was made from the MycGluR2⌬1-10 construct by resubalso positive for GluR1, identifying them as glutamatergic dendritic spines (Figure 2Bc) . We conclude that stitution of the C-terminal 5 aa sufficient to mediate 24 hr postinfection ( Figure 3E ). In contrast, the truncated MycGluR2⌬1-10 receptors were expressed on the cell the MycGluR2⌬5-10 construct, which can again bind to ABP, GRIP, and PICK1. The surface expression of the surface in significantly smaller puncta than those observed for wild type (wt) MycGluR2 (Figures 3B and 3E ; MycGluR2⌬5-10 receptors was comparable to MycGluR2 levels (Figures 3C and 3E; ASA ϭ 12.9 Ϯ 0.7; S/I ASA ϭ 6.8 Ϯ 0.3). There was also a strong, ‫-6ف‬fold decrease in S/I ratio of MycGluR2⌬1-10 surface staining ratio 17.3% Ϯ 1.4%). These data directly indicate that the PDZ binding region of GluR2 is sufficient to promote (S/I ratio 3.4% Ϯ 0.5%; Figure 3E ). This finding suggests that the C-terminal PDZ binding region of GluR2 is imdendritic surface expression of the MycGluR2 receptors. portant for receptor accumulation at the plasma membrane. This was confirmed by the expression pattern of
The difference in the surface accumulation between MycGluR2 and MycGluR2⌬1-10 receptors may reprewere then washed and scraped in lysis buffer and all sent either a decreased rate of trafficking to the cell lysates were precipitated with streptavidin-coated beads. surface or an impaired surface stabilization. In order to As shown in Figure 4E , there was a large, ‫6ف‬ fold dedistinguish between these two mechanisms, we first crease in the amount of biotinylated surface MycGluR2 examined the time course of surface accumulation of in the glutathione-stripped lysate, indicating that only a the MycGluR2 and MycGluR2⌬1-10 receptors by two small fraction, about 15%, of MycGluR2 receptors was independent methods: (1) by selective surface immunoretained internally ( Figure 4E , lanes 1 and 2; see figure staining (9, 12, 18, and 24 hr postinfection) and (2) by legend for densitometric values from two independent Western blotting of surface-expressed proteins isolated experiments). This result was similar to the one obtained by biotinylation and streptavidin precipitation (12 and for endogenous GluR2/3 receptors from control unin-24 hr postinfection). In these experiments, measurefected cells, indicating that the internalization rate of ments at early times primarily reflect the rate of initial MycGluR2 in primary cultures is the same as of endogesurface delivery. At 9 hr, live immunostaining showed nous AMPA receptors ( Figure 4E , lanes 5 and 6). In both the MycGluR2 and MycGluR2⌬1-10 receptors contrast, there was only a 2-fold decrease in the level of present at the surface in puncta of similar size with biotinylated surface MycGluR2⌬1-10 in the glutathionesimilar S/I ratio ( Figures 4A-4C ). These data indicate stripped lysate, indicating that about 50% of Mycthat the MycGluR2 and MycGluR2⌬1-10 receptors have GluR2⌬1-10 receptors were retained internally during the same rate of surface delivery. When the remainder of the 30 min at 37ЊC interval ( Figure 4E , lanes 3 and 4). the kinetic curve for surface expression was examined, it
These data indicate that MycGluR2⌬1-10 mutant is eiwas evident that the wt receptor accumulates strongly, ther internalized at a higher rate as compared to the wt continuously increasing its levels over 24 hr, while the receptor or exhibits a deficit in reinsertion into the synaptic C-terminally truncated mutant increases only gradually. . The small surface puncta of the truncated receptor results from the time course experiments, we hypotheappeared to be mainly positioned at the tips of the spinesized that MycGluR2⌬1-10 receptors may be less surlike structures, suggesting a synaptic localization. Next, face stable with a higher internalization rate as comMycGluR2⌬1-10 surface expression was compared to pared to the MycGluR2. Two sets of dishes with endogenous GluR1 surface staining. MycGluR2⌬1-10 hippocampal primary neurons were infected with either receptors were distributed in surface clusters that overMycGluR2 or MycGluR2⌬1-10 constructs, and the surlapped with GluR1 surface immunostaining, indicating face proteins of neurons were labeled with NHS-SSexpression at the surface membrane of glutamatergic biotin 24 hr postinfection for 30 min at 4ЊC. Next, cells spines ( Figure 5B ). Finally, we examined the synaptic were washed and one dish of MycGluR2 and Myclocalization of the surface MycGluR2⌬1-10 receptors GluR2⌬1-10 infected neurons was scraped in lysis buffer by double labeling with antibody to the presynaptically to obtain the total surface-expressed protein. The secexpressed vesicle protein synaptophysin. When the two ond set of dishes was returned to 37ЊC temperature, immunostainings were superimposed in one projection, which restores normal turnover of surface proteins for MycGluR2⌬1-10 surface clusters in most cases colocalan additional 30 min. After this interval, these neurons ized with the synaptophysin labeling ( Figure 5C ). Quantiwere incubated with 0.5 mM glutathione-containing sotation of the MycGluR2⌬1-10 and synaptophysin cololution which releases NHS-SS-biotin from its binding calization showed comparable values to colocalization to surface proteins by cleaving the disulphide linkage of MycGluR2 and synaptophysin: 84.6% Ϯ 1.5% and (Bretscher and Lutter, 1988). Thus, only surface proteins 90.5% Ϯ 2.0%, respectively (Ϯ SEM, see Experimental that were internalized during the 30 min at 37ЊC period were also protected from the glutathione stripping. Cells Procedures). Taken together, these measurements show hippocampal neurons, surface accumulation of MycGluR2 receptors is mediated by interaction with ABP and/or GRIP proteins and not with PICK1. extracts from MycGluR2⌬1-10 or mock-infected neurons were divided into two aliquots. The first aliquot was Discussion immunoprecipitated with anti-GluR1 Ab, followed by anti-GluR2/3 ϩ anti-GluR4 Ab for quantitative precipitation of all endogenous GluR subunits, followed by strepRecent evidence shows that changes in the synaptic abundance of AMPA receptors may regulate the tavidin precipitation (Figure 6, lanes 3 and 4, 5 and 6 , and 7 and 8, respectively; note that the GluR2 epitope of strength of excitatory synaptic transmission (reviewed in Malenka and Nicoll, 1997; Malinow, 1998). The finding anti-GluR2/3 Ab is deleted in MycGluR2⌬1-10). Western blot analysis of this experiment showed that 4% of total that AMPA receptors get transported to previously "silent" synapses suggests that mechanisms that control MycGluR2⌬10 receptors can be coprecipitated with GluR1, while an additional 3% can be coprecipitated receptor trafficking to the synapse may regulate synaptic strength. While general pathways of integral memwith GluR2/3 ϩ 4 subunits. Similar data were obtained when we analyzed coprecipitation of MycGluR2 with brane protein trafficking have been extensively investigated, the mechanisms of ionotropic glutamate receptor endogenous GluR1, confirming that the subunit assembly is not altered by the C-terminal truncation (5% of trafficking have only recently received attention. As one aspect of this trafficking, it has been proposed that PDZ total MycGluR2 was in complex with endogenous GluR1; data not shown). Analysis of the streptavidin pulldown proteins partake in the surface localization of glutamate receptors by anchoring the receptors to cytoskeletal from the lysate lacking GluR1, R2/3, and R4 subunits showed that 4% of the total MycGluR2⌬1-10 subunits proteins and/or clustering receptors into subclass-specific spatial domains (Kornau et al., 1997; Ziff, 1997; was expressed at the surface as homomeric receptors (Figure 6, lane 7) . In parallel, the second aliquot of the Craven and Bredt, 1998; Hsueh and Sheng, 1998; O'Brien et al., 1998). We have analyzed the role of the initial lysate was twice mock-precipitated with unrelated Ab (Figure 6, lanes 3b-6b) , followed by streptavidin pre-C-terminal PDZ binding region of GluR2 in the synaptic targeting and surface expression of MycGluR2 AMPA cipitation. As shown in Figure 6 , lane 7b, the amount of total surface MycGluR2⌬1-10 was approximately the receptors. We demonstrated that the C-terminal PDZ , 1999) . MycGluR2 relative to the mutant is that the PDZ binding motif is required for retention of the receptors at the A striking finding of the current work is that substitution Ser-880 to Ala in mutant MycGluR2(EAVKI) demembrane. This model was further supported by the findings that the MycGluR2⌬1-10 receptors were decreased AMPA receptor accumulation the same extent as truncating the C terminus by a 10 aa deletion. We tected to be internalized at higher levels, either during 10 min or 30 min interval, as compared to MycGluR2 also show that the S880A mutation blocks binding in vitro of the GluR2 C terminus to ABP and GRIP but that receptors. Based on these results, we propose that the GluR2-interacting PDZ proteins anchor or retain the rebinding to PICK1 is not affected. This reinforces the previous conclusion that AMPA receptor interactions ceptors at the synaptic plasma membrane after delivery to the surface. However, without a detailed study of local with ABP or GRIP contribute to receptor accumulation and indicates that interaction with PICK1 is not required synaptic recycling, we cannot exclude an additional role of the GluR2-PDZ protein interactions in synaptic reinfor the accumulation. These results can be correlated with recent work by Li and colleagues, who studied sertion after endocytosis.
serotonin ( Our approach using heterologous Sindbis virus-driven expression allowed us to study mainly homomeric MycAfter surface insertion, in our model, the receptor is stabilized at the synaptic membrane by ABP/GRIPGluR2 channels, likely due to a higher expression rate of exogenous relative to endogenous subunits. Thus, mediated interactions with the GluR2 C terminus (schematic model, Figure 7D ). Surface stabilization would be we were able to dissect the contributions of the GluR2 subunit to the trafficking of AMPA receptors. GluR1, a property of the individual receptor and would be dictated by PDZ-dependent interactions that are disrupted which is the major GluR2 interacting subunit in vivo, was shown to be coprecipitated with PDZ protein PSD-97 in the mutant MycGluR2⌬1-10. 
